Preharvest sprouting of wheat (Triticum aestivum L.) is associated with inadequate seed dormancy. Although abscisic acid (ABA) has often been suggested to play a central role in developing seed, its involvement in dormancy of mature seed lacks firm experimental evidence and endogenous ABA levels are not well correlated with germinability. We examined genotypic and temporal variation in wheat seed and embryo germination responses to ABA and determined whether differential sensitivity of embryos to ABA extended to growth of embryo-derived calli. Germination of Parker 76 caryopses, which have little slormancy at maturity, was only slightly inhibited by ABA, whereas germination of Clark's Cream, a highly dormant genotype, was greatly inhibited. Responsiveness of caryopses to ABA and dormancy of seeds decreased concurrently during afterripening. Germination of embryos excised from dormant and nondormant seeds was more responsive to ABA but otherwise was similar to that of caryopses, indicating that differential response to ABA occurs in the embryo. Growth of calli derived from immature embryos of two sprouting-susceptible wheat genotypes exceeded growth of calli from Clark's Cream, but no distinct differences in response to ABA among the genotypes were apparent. We concluded that the action of ABA is similar in developing and mature seeds, that genotypic and temporal variation in embryo responsiveness to endogenous ABA may be involved in dormancy, and that ABA probably acts in concert with other endogenous constituents. maturation and then decrease dramatically during desiccation (5, 12, 17, 18) . Seed dormancy differs markedly among genotypes at maturity but is temporal, and a variable period of afterripening or stratification is necessary for seeds to become fully germinable (1) . As in other species, the level of endogenous ABA is poorly correlated with dormancy of mature seeds (5, 12, 17) .
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Germination responses of mature wheat caryopses and embryos to exogenous compounds are better correlated with seed dormancy than is the level of endogenous ABA (8, 9 , 1 1, 15-18) . Genotypic differences in dormancy parallel inhibition of excised embryos by catechin tannin and ABA (15) and by a ubiquitous endogenous compound (8) that is likely tryptophan (9) . The effect of the latter is reinforced by exogenous ABA and countered by gibberellic acid (11, 16) . Loss of dormancy and diminished responsiveness of excised embryos to exogenous inhibitors coincide during afterripening (8, 9, 11, 16) . Thus, any role of ABA in dormancy may depend more on changes in perception of the inhibitor by the embryo than on content of the inhibitor in the caryopsis.
The present study investigated differential response as an alternative mechanism by which ABA might regulate dormancy of mature wheat seed. Seed lots with extreme ranges in dormancy were used to ascertain whether intact caryopses, excised embryos, and calli from embryo explants varied in responsiveness to ABA and to determine if the effect persisted during afterripening to explain genotypic and temporal differences.
Embryo maturation is regulated and precocious germination is prevented by ABA in many species, including wheat, during seed development (2, 5, 17) . Involvement of ABA in dormancy after maturation and desiccation of seeds is uncertain, however (2, 11, 15, 19, 20) , and the physiological basis of dormancy remains unclear. The problem is of considerable economic importance because dormancy is often inadequate to prevent preharvest sprouting of mature seeds during adverse weather (1, 7) . Preharvest sprouting induces synthesis of germinative enzymes, notably a-amylase, which reduces the value of wheat and other grains (7). Dormancy of wheat seeds is mediated by factors that are internal and external to the embryo. The (17) .
Callus Culture
Growth responses of wheat callus to ABA were examined to determine whether genotypic differences in germination response to ABA were specific to embryos or also occurred in other tissues. 'KS75216,' a sprouting-susceptible hard white winter wheat genotype; Clark's Cream; and 'ND7532,' a red winter wheat genotype that performs well in callus culture (14) , were grown in a glasshouse under a 16-h photoperiod.
Temperatures were maintained at about 22°C/18C day/night during vegetative growth and 25°C/22°C day/night during grain development. Immature embryos (10-15 d 
postanthesis)
were used as the explant source. Immature seeds were surface sterilized in 0.8% NaOC1 (diluted commercial bleach) for 5 min and thoroughly rinsed in sterile water. Embryos were excised and placed on initiation medium salts (10) plus 20 g/ L sucrose, 6.8 g/L agar, 150 mg/L asparagine, 0.5 mg/L thiamine-HCl, and 1 mg/L 2,4-D (pH 5.8), following the method of Sears and Deckard (14) . The 
RESULTS

Seed Germination Response
Seed (caryopsis) germination response to exogenous ABA, evaluated during a 4-week afterripening period, differed between the two wheat cultivars, Parker 76 and Clark's Cream (Fig. 1) . Seed of Parker 76 had a low level of dormancy at harvest ripeness, and germination was only slightly inhibited by ABA (Fig. 1A) . The low level of dormancy at harvest ripeness decreased rapidly, as did response to ABA (Fig. 1,  B-D) .
Seed of Clark's Cream, in contrast to Parker 76, exhibited considerable dormancy at harvest ripeness, and germination was inhibited by as little as 5 ,M ABA (Fig. 1E) . As Clark's Cream seed afterripened, dormancy dissipated slowly and response to ABA decreased concomitantly (Fig. 1, F-H) . After 4 weeks of afterripening, most seeds of Clark's Cream germinated rapidly in water, and only traces of dormancy remained (Fig. 1H) . Some response to ABA remained, however, and germination was similar to Parker 76 at harvest ripeness (Fig.  1, A and H) .
A seed lot of Clark's Cream that had been afterripened for 14 months had no dormancy and germination was not inhib- ited by 50 jAM ABA (Fig. 2) . Its response to ABA resembled that of Parker 76 seed that had been afterripened for 4 weeks.
Embryo Germination Response
Effects of extraembryonic seed tissues on the differential response of whole-seed germination to ABA were eliminated by using excised embryonic axes (embryos). Embryos from nondormant Parker 76 and dormant Clark's Cream seed germinated more rapidly than caryopses and were more responsive to ABA (Fig. 3) . ABA at 2.5 AM inhibited germination of Parker 76 embryos, whereas 0.25 and 0.5 AM ABA had little effect (Fig. 3A) . Embryos of Clark's Cream were more responsive to ABA; 2.5 uM completely inhibited germination and the two lower concentrations greatly reduced germination (Fig. 3B) weeks and 820 ± 47 pg mg-' in embryonic axes of Clark's Cream seed that was harvest ripe and highly dormant.
Callus Culture Growth Response ABA at 5 Mm inhibited the growth of calli derived from immature embryos of all three wheat genotypes (Fig. 4A) . Calli mass differed among genotypes, but the relative retar- (17) .
Although there was some question whether ABA is incorporated or inhibits germination of intact caryopses (17) , the present results leave little doubt. Extraembryonic tissues undoubtedly slowed movement of ABA during imbibition, but they did not appear to be a barrier to absorption of ABA by the caryopsis or to its action on the embryo. Instead, the response of sensitive Clark's Cream caryopses was directly proportional to the concentration of ABA that was applied to them. Similar responses occur in intact triticale caryopses, in which germination and protein synthesis are strongly inhibited by imbibed ABA (19, 20) .
The differential response to ABA exhibited during seed and embryo germination was not evident in callus culture, probably because tissue-specific responses are often lost in 'dedifferentiated' callus (3) . The genotypes differed widely in their general response to callus culture, however, a phenomemon that has been noted elsewhere (14) . A general inverse relationship existed between level of seed dormancy at maturity and growth in tissue culture in our studies, with explants from nondormant wheat genotypes growing well and explants from dormant wheat genotypes growing poorly.
The present studies demonstrate the strong caryopsis-embryo-inhibitor interaction in wheat seed dormancy, but the nature of the interaction remains to be elucidated. The specificity and other characteristics of the embryo-ABA interaction are typical of those between receptors and some growth regulators (13) . It is apparent, in any case, that embryonic responsiveness to ABA may be a factor in regulating both genotypic and temporal differences in wheat seed dormancy.
